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(57) ABSTRACT

This invention 1s concerned with the productions of unidirec-
tionally solidified castings and remelting processed ingots
such as ESR or VAR, which has paid special attention to the
liquid flow phenomena within solid-liquid coexisting phase
(mushy phase) during solidification, and made 1t clear for the
first time that by applying high static magnetic field onto the
whole mushy phase, the extremely slow mterdendritic liquid
flow responsible for the formation of macrosegregation can
be suppressed, and thereby that the macrosegregation such as
freckles can completely be eliminated. Thus, this invention
provides with a novel casting technology for producing high
quality castings and ingots without macrosegregation.
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Relationship belween tomperature and vol. fractiom solid

. of Ni-10A1 and IN718 alloys
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Eftect of magnetic field in axinl divertion on freckle segrognios
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FIG.7A ~ FIG 7B

Solid fraction isolines
at portion A

Solid fraction isolines
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CASTING METHOD AND APPARATUS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] ThisisaContinuationofU.S. patent application Ser.
No. 12/288,803, filed Oct. 23, 2008, which 1s a Continuation

of PCT Application No. PCT/JP20077/059353, filed. Apr. 24,
2007, which 1n turn claims the benefit of priority under 35
U.S.C. §119 of prior PCT International Application No. PCT/
TP2006/309133, filed Apr. 25, 2006, the entire disclosure of
cach of which 1s incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] This invention 1s concerned with the casting tech-
nologies for primarily improving macrosegregation defects
in unidirectionally solidified castings which possess colum-
nar dendrite structure consisting of polycrystalline grains (so
called OS material) or dendrite structure consisting of a single
crystalline grain (so called Monocrystal or SX material), and

in the remelting-processed ingots such as Electroslag Remelt-
ing (ESR) and Vacuum Arc Remelting (VAR).

[0004] 2. Description of the Related Art
[0005] A. Unidirectionally Solidified Castings
[0006] Typical examples of unidirectionally solidified cast-

ings 1n the technical field of this invention are turbine blades
used 1n aircraft jet engines, power plant gas turbines, and so
on. FIG. 1(A) shows schematic diagram of a typical direc-
tional solidification apparatus 1n use of today. pouring molten
metal into the ceramic mold cavity (of complicated 3D shape)
placed on a water-cooled copper chill, the mold 1s withdrawn
in gravitational direction out of the radiation heating zone,
thereby allowing directional solidification to obtain polycrys-
talline columnar dendrite structure (termed DS material) or
single crystal dendrite structure (termed SX material). In the
figure shown are the liquid, the liquid-solid coexisting
(mushy) and the solid phases during withdrawal (the details
of casting chamber, vacuum chamber and so on are omitted).
Because the turbine blades are used under severe conditions,
Ni-base superalloys with excellent thermal resistances such
as high temperature strength are used as a major material.
However, casting defects such as channel segregation (so
called freckles), misoriented grains, microporosity tend to

occur 1n these blades, thus lowering the yield of the products
(for example, refer to p. 321 of Ret. (1)).

[0007] Presently, the mechanism of the formation of freck-
les has qualitatively been considered as follows: One of the
main features of Ni-base superalloys 1s that they possess v’
phase (intermetallic compound called gamma prime whose
basic composition 1s Ni, (Al, T1) which precipitates coher-
ently with v matrix. And generally speaking, the higher the
volume fraction of v, the higher the high temperature
strength. However, as solidification proceeds 1n an alloy con-
taining such elements as Al, Ti and W lighter than Ni, the
interdendritic liquid density 1s decreased with increased sol-
ute concentrations of these lighter elements. Therefore, when
solidifying such alloy 1n the direction opposite to gravita-
tional direction, the liquid density at the bottom of mushy
zone, 1.€., at the roots of dendrites becomes relatively smaller
compared to that at the liquid-mushy phase boundary, 1.e., at
dendrites tips. Such alloy 1s called *“solutally unstable”
against, convection in this description. On the other hand, the
temperature at the roots of dendrites 1s lower than that at
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dendrite tips, and therefore it does not give rise to convective
flow due to density difference: Thus ‘thermally stable’. If the
solutal instability 1s larger than, the thermal stability, inversed
density profile forms, and the liquid phase 1n the mushy zone
induces upward tlow due to this density difference, thus lead-
ing to the formation of channel segregation (or so called
freckles). Also, dendrnitic growth tends to break down and
misoriented grains are likely to form. This kind of alloy 1s
called ‘upward type of buoyancy’ in this description. It has
been understood that the freckles formed 1n Ni-base superal-
loy blades are caused by the above-mentioned upward flow
due to liquid density difference within the mushy zone.

[0008] Despite that a vast amount of efforts have been paid
to improve these casting defects by optimizing casting param-
eters such as sustaining temperature 1n the radiation heating
zone, withdrawal rate, radiation cooling rate, etc. or by adjust-
ing alloy compositions so as to add heavier elements than Ni
(for example Ta), it still remains msutficient. Thus, a novel
technology to eliminate the above-mentioned defects 1s
highly wanted at present.

10009]

[0010] The remelting processes for ingot making such as
ESR and VAR are characterized by relatively shallow shapes
of melt pool and mushy zones. In the above-mentioned uni-
directional solidification, the solidification from the side wall
of mold 1s retarded. On the other hand, these remelting pro-
cesses differ 1in the point that the solidification proceeds from
the side wall of mold as well (usually water-cooled copper
mold 1s used). It 1s well known that the freckles (channel
segregation) and other macrosegregations take place 1 Ni-
base superalloy ingots produced by ESR and VAR (for
example, refer to Ref. (2)), and that these macrosegregation
defects can occur 1n the alloys of ‘downward type of buoy-
ancy’ where mterdendritic liquid density increases as solidi-
fication proceeds, as well as 1n the aforementioned alloys of
‘“upward type’ of buoyancy.

[0011] In order to reduce these defects, various attempts
have been being undertaken ranging from regulating cooling
conditions so as to form as shallow a melt pool depth as
possible (especially usetul for downward type alloys of buoy-
ancy) to increasing cooling rate, to setting proper melting
rate, or to adjusting chemical compositions. However, as the
cross-section of the mgots become larger, the formation of
these macrosegregation defects i1s unavoidable. Thus, an
innovative technology i1s strongly desired capable of con-
stantly producing large cross-section ingots with less macro-
segregation which are used in Ni-base superalloy turbine
disks, Fe-base alloy turbine rotors for power plant and so on,

B. Ingot Making by the use of Remelting Processes

BRIEF SUMMARY OF THE INVENTION

[0012] This invention 1s concerned with unidirectional
solidification process and remelting processes such as ESR
and VAR, and provides with casting technologies for produc-
ing high quality castings and 1ingots without such macroseg-
regation defects as freckles caused primarily by the liquid
flow within the mushy zone during solidification. With spe-
cial attention paid to the above-mentioned liquid tlow phe-
nomena within the mushy zone, this invention has clarified
for the first time that the interdendritic fluid flow with
extremely low velocity can be suppressed by exerting high
magnetic: field onto the whole mushy zone, and thereby the
formation of the macrosegregation defects such as freckles
can be eliminated.
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BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

[0013] FIG. 1A shows the schematic diagrams of a conven-
tional unidirectional solidification process.

[0014] FIG. 1B shows the schematic diagram of unidirec-
tional solidification process applied to Specific Example 1 of
this imnvention.

[0015] FIG. 2 shows the relationships between temperature
and volume fraction solid during solidification of N1-10 wt %
Al and IN718 alloys (with respect to IN718, refer to FIG. 1 of
Ref. (10)).

[0016] FIG. 3 shows the variation of Al solute composition
in liquid during the solidification of Ni1-10 wt % Al alloy.
[0017] FIG. 4 shows the vanations of solute compositions
in liquid during the solidification of IN718 alloy (refer to FIG.
2 of Ref. (1)).

[0018] FIG. S shows the vanations of liquid densities dur-
ing the solidifications of N1-10 wt % Al and TIN/718 alloys.
[0019] FIG. 6A 1s the contours of Al concentrations show-
ing the effects of magnetic field densities (Bz=0) exerted 1n
the axial direction on the freckle segregates of unidirection-
ally solidified round ingots of N1-10 wt % Al alloy.

[0020] FIG. 6B 1s the contours of Al concentrations show-
ing the effects of magnetic field densities (Bz=5 Tesla)
exerted 1n the axial direction on the freckle segregates of
unidirectionally solidified round ingots of Ni-10 wt % Al
alloy.

[0021] FIG. 6C 1s the contours of Al concentrations show-
ing the effects of magnetic field densities (Bz=10 Tesla)
exerted 1n the axial direction on the freckle segregates of
unidirectionally solidified round ingots of Ni-10 wt % Al
alloy.

[0022] FIG. 6D 1s the contours of Al concentrations show-
ing the efiects of magnetic field densities (the effect of Bz at
RR' cross section (91.9 mm from the bottom)) exerted 1n the
axial direction on the freckle segregates of unidirectionally
solidified round 1ngots of Ni1-10 wt % Al alloy.

[0023] FIG. 7A shows the whole section of the contours of
the vol. fraction solid during solidification (after 18 minutes)
of the same ingot as that of FIG. 6A.

[0024] FIG. 7B shows the magmified section at O.D.

[0025] FIG. 8A shows the fluid flow patterns during solidi-
fication (after 18 minutes) of the same ingot as that of FIG. 6 A
(Bz=0).

[0026] FIG. 8B shows the fluid flow patterns during solidi-
fication (after 18 minutes) of the same 1ngot as that of F1G. 6B
(Bz=10 Tesla).

[0027] FIG. 9A 1s the contours of Al concentrations show-
ing the freckle segregates of unidirectionally solidified N1-10

wt % Al square ingot of Specific Example 2 at the cross
section XX' (86.6 mm from the bottom).

[0028] FIG. 9B 1s the contours of Al concentrations show-
ing the freckle segregates of unidirectionally solidified Ni1-10
wt % Al square ingot of Specific Example 2 the freckles 1n the
vertical section at the end of Y dir.

[0029] FIG. 10A shows the contours of Al concentration
(freckle segregates) and vol. fraction. solid.

[0030] FIG. 10B shows the liquid flow pattern in liquid and
mushy zones and the contours of vol. fraction solid (after 20
minutes, a the end of Y dir, of the same ingot as that of FIG.
9). The contours 1n the figure denote the fraction solid 01 0.2,
0.4, 0.6 and 0.8 respectively. The gray zone in the upper part
of background indicates the liquid zone, the light gray zone 1n
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the middle the mushy zone and the dark gray zone at the
bottom the solid. The velocity vectors are normalized.
[0031] FIG. 11A 1s the contours of Al concentration show-
ing the etlects of magnetic field (Bz=0) exerted in the axial
direction on the freckle segregates of unidirectionally solidi-
fied N1-10 wt % Al square 1ingots of the Specific Example 2.
[0032] FIG. 11B 1s the contours of Al concentration show-
ing the effects of magnetic field (Bz=3 Tesla) exerted in the
axial direction on the freckle segregates of unidirectionally
solidified N1-40 wt % Al square ingots of the Specific
Example 2.

[0033] FIG. 11C 1s the contours of Al concentration show-
ing the effects of magnetic field (Bz=5 Tesla) exerted in the
axial direction on the freckle segregates of unidirectionally
solidified Ni1-10 wt % Al square ingots of the Specific
Example 2.

[0034] FIG. 11D shows the suppressing effects at macro-
segregations at X X' cross section 91.9 mm from the bottom at
the end of Y dir.

[0035] FIG. 12A 1s the contours of Al concentration show-
ing the eflects of magnetic field (By=3 Tesla) exerted in Y
direction on the freckle segregates of unidirectionally solidi-
fied N1-10 wt %Al square ingot of the Specific Example 2,
which shows the segregation at XX' cross section 91.9 mm
from the bottom.

[0036] FIG. 12B 1s the contours of Al concentration show-
ing the eflects of magnetic field (By=3 Tesla) exerted in Y
direction on the freckle segregates of unidirectionally solidi-
fied N1-10 wt % Al square ingot of the Specific Example 2,
which shows the segregation at the vertical section at the end
ol Y direction.

[0037] FIG. 13A 1s the contours of Al concentration show-
ing the effects of magnetic fields (Bz=0) 1n the vertical direc-
tion on the freckle segregates of unidirectionally solidified
Ni1-10 wt % Al thin plate ingots of the Specific Example 3. All
vertical sections are at the ends of Y dirs., and all cross
sections XX' are at 91.9 mm from the bottom.

[0038] FIG. 13B 1s the contours of Al concentration show-
ing the effects of magnetic fields (Bz=1 Tesla) 1n the vertical
direction on the freckle segregates of unidirectionally solidi-
fied N1-10 wt % Al thin plate ingots of the Specific Example
3. All vertical sections are at the ends of Y dirs., and all cross
sections XX' are at 91.9 mm from the bottom.

[0039] FIG. 13C 1s the contours of Al concentration show-
ing the effects of magnetic fields (Bz=2 Tesla) 1n the vertical
direction on the freckle segregates of unidirectionally solidi-
fied N1-10 wt % Al thin plate ingots of the Specific Example
3. All vertical sections are at the ends of Y dirs., and all cross
sections XX' are at 91.9 mm from the bottom.

[0040] FIG. 14A 1sthe contours of Nb concentration show-
ing the effects of magnetic field (Bz=0) 1n the axial direction
on the freckles segregates at the center of remelting-pro-
cessed IN718 ingots of Specific Example 4.

[0041] FIG. 14B is the contours of Nb concentration show-
ing the effects of magnetic field (Bz=5 Tesla) 1n the axial
direction on the freckles segregates at the center of remelting-
processed IN718 ingots of Specific Example 4.

[0042] FIG. 14C 1s the contours of Nb concentration show-
ing the effects of magnetic field (Bz=10 Tesla) in the axial
direction on the freckles segregates at the center of remelting-
processed IN718 ingots of Specific Example 4.

[0043] FIG. 15 shows the macrosegregations of each ele-
ment at RR' cross-section 1068.8 mm from the bottom which
corresponds to the case with no magnetic field of FIG. 14.
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[0044] FIG. 16 shows the suppressing effects un the mac-
rosegragation of Nb at RR' cross-section of FIG. 14 (1068.8

mm from the bottom).

[0045] FIG. 17A shows schematic examples of this mnven-
tion applied to remelting processes, which 1s an example
applied to ESR.

[0046] FIG. 17B shows a combined example of VAR+slag
refining+magnetic field.

[0047] FIG. 18A shows schematic examples of DC coil
(solenoid coil) 5 configurations of this invention.

[0048] FIG. 18B shows schematic examples of DC coil
(1-unit coil) 5 configurations of this invention.

[0049] FIG. 18C shows schematic examples of DC coil
(2-unit coils (Helmholtz-type or as such)) 5 configurations of
this invention.

[0050] FIG. 18D shows aracetrack type 1 unit-coil with the
magnetic field exerted ire the direction so as to cross the
direction of gravity.

[0051] FIG. 18E shows race track type 2 unit-coils.

[0052] FIG. 19A shows the distributions of Al concentra-
tion with no magnetic field for umdirectionally solidified
Ni1-10 wt % Al thin plate ingots of the Specific Example 3 of
straight, 126 mm long.

[0053] FIG. 19B shows the distributions of Al concentra-
tion with no magnetic field for umdirectionally solidified
Ni1-10 wt % Al thin plate ingots of the Specific Example 3 of
tapered, 126 mm long.

[0054] FIG. 19C shows the distributions of Al concentra-
tion with no magnetic field for umdirectionally solidified
Ni1-10 wt % Al thin plate ingots of the Specific Example 3 of
straight, 252 mm long.

[0055] FIG. 20 shows liquid tlow vectors within the mushy
zone atter 10035 seconds from the start of withdrawal (45 mm
withdrawn from the bottom) of the tapered ingot of FIG. 19.
The contours denote the vol. fractions solid of 0.2, 0.4, 0.6,
0.8 and 1.0 respectively.

[0056] FIG. 21A shows the suppressing effects on macro-
segregation when the magnetic field (Bz=0.5 Tesla) 1s exerted
in the vertical direction for the unidirectional solidification of
tapered thin plate mgot of FIG. 19B. The cross-sectional
diagrams are the distributions at the position XX'.

[0057] FIG. 21B shows the suppressing effects on macro-
segregation when the magnetic field (Bz=3 Tesla) 1s exerted
in the vertical direction for the unidirectional solidification of
tapered thin plate mgot of FIG. 19B. The cross-sectional
diagrams are the distributions at the position XX'.

[0058] FIG. 21C shows the suppressing effects on macro-
segregation when the magnetic field (Bz=5 Tesla) 1s exerted
in the vertical direction for the unidirectional solidification of
tapered thin plate mgot of FIG. 19B. The cross-sectional
diagrams are the distributions at the position XX'.

EXPLANATION OF REFERENCE SYMBOLS

[0059] 1. Electrodes (Consumable electrode)

[0060] 2. Slag melt

[0061] 3. Adiabatic refractory sleeve

[0062] 4. Heater

[0063] 5. DC coil for exerting static magnetic field 1n axial

or traverse direction

[0064] 6. Water-cooled mold

[0065] 7. Ingot

[0066] 8. Water-cooled bottom plate
[0067] 9. Platform
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[0068] 10. Vacuum or inert gas atmosphere

[0069] 11. Magnetic shield

[0070] A. Mechanism for the Formation of Macrosegrega-
tion

[0071] It 1s well known that various types of macrosegre-

gation including freckles are caused by the interdendritic:
liquid flow within the mushy zone during solidification. The
driving forces for this fluid flow are contraction on solidifi-
cation, difference in interdendritic liquid density, external
force such as electromagnetic force, etc: Among them the
convective tlow (not exactly convection) due to the difference
in the liquid density 1s particularly important 1n this invention.
It depends on alloy compositions whether the alloy exhibits
upward type or downward type or the mixture of these two
types of buoyancy (the mixture type 1s such that the liquid
density first decreases as solidification proceeds and then
Increases again or vice versa), and macrosegregation takes
place inherent to the casting process.

[0072] B. Suppressing Eilects of Fluid Flow by the Appli-
cation of Magnetic Field

[0073] Theprinciples of suppressing effects of tluid tlow by
the use of static magnetic field 1s briefly described as follows.

[0074] Taking vector notation from the Ohm’s law of Mag-
netohydrodynamics,

J=0(E+vxb) (1).

[0075] Where, o 1s electric conductivity of molten metal
(1/€2m), v 1s tlow velocity vector of molten metal (m/s), B 1s
externally applied magnetic tlux density vector (Tesla), E 1s
induced electric field strength vector (V/m) and J 1s induced
electric current density vector (A/m”>).

[0076] From the continuity of electric current field,

V- J=0 (2).
[0077] Denoting ¢(V) as electric potential,

E=-V¢ (3).
[0078] Then, the eclectromagnetic force vector (Lorentz
force) 1 (N/m3) 1s given by the outer product of J and B as

J=IXB (4).
[0079] These are well known equations.

[0080] Substituting Eqgs. (1) and (3) mnto Eq. (2), Eq. (3) 1s
obtained.

V-(0V)=V-c(vxB) (5)
[0081] Solving Eq. (5) with respect to ¢, obtaining J {from

Egs. (1) and (3), and then the Lorentz force, 1.e., electromag-
netic braking force vector 1 can be calculated from Eq. (4).
However, v needs to be calculated from the numerical analy-
s1s including momentum equation to be described afterward.
The liquid flow field and the electromagnetic field are highly
interacted or coupled with each other.

[0082] C. Method of Solidification Analysis

[0083] The outline of the simulation system for solidifica-
tion (system name CPRO) will be described bellow which
was developed by this mnventor to analyze solidification phe-
nomena. The physical variables for describing solidification
phenomena are defined by temperature, compositions of
alloy elements redistributed in the liquid and solid phases
during solidification (take n for the number of elements),
liquidus temperature of the relationship between temperature
and volume fraction solid, and liquid flow velocity (3 vector
components) and pressure of liquid 1n the bulk liquid and
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mushy zones. These are called the physical variables 1n mac-
roscopic scale 1n this description.

[0084] The governing equations corresponding to these
n+6 variables are shown 1n Table 1.

TABL

(L]

1

Relationship between physical variables and governing
equations (n 1s the number of alloys)

Physical variables Governing equations

Temperature Energy eq.

Solute concentrations in Solute redistribution eqs. of n alloys
liquid (Solute mass conservation law)

Liquidus temperature Temperature vs vol. fraction solid eq.
of multi-alloy system

Momentum egs. (Darcy’s law included)
Pressure eq.

Number of equations isn + 6

Liquid flow vectors
Pressure of liquid
Number of variables 1sn + 6

[0085] It 1s known that the fluid flow 1n the mushy zone 1s
described by Darcy’s law, Eq. (6) (refer to p. 234 of Ref. (3)).
The Darcy’s flow 1s included as one of the resisting force
terms 1n the momentum equations of Table 1.

K (6)
V=— (-VP+X)

MEL

[0086] In Eqg. (6), the vector V denotes the iterdendritic
flow velocity, u the viscosity of liquid, g, the volume fraction
liquid, K the permeability, P the pressure of liquid phase, X
the body force vector such as gravity and centrifugal force.
Furthermore, note that X includes the electromagnetic baking
force mtroduced in this invention as well. K 1s determined by
dendrite morphology and given by Kozney-Calman equation

(Ref. (4)) as

B (1 — g5)3 (7)
S5

K

[0087] where, Sb is the surface area of dendrite crystals per
unit volume (1.¢. specific surface area), and the dimensionless
number 1 has been found to have the value of 5 by the fluid
flow experiment using porous media. The permeability K 1s
obtained by the morphological analysis during dendrite
growth 1n microscopic scale: Considering that solidification
1s one ol diffusion-controlled processes 1n liquid and solid
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phases, and assuming that dendrite crystals are modeled to
consist of cylindrical branches and trunks, and hali-sphere
tips, Sb can be obtained by solving the diffusion equations of
solute elements 1n the liquid and solid phases. In doing so, no
anisotropy of K by dendritic orientation 1s assumed.

[0088] Since the above macroscopic variables are inter-
acted with each other, and moreover deeply coupled with the
microscopic dendrite growth, the iterative convergence
method was employed to obtain the solution. The details of
this numerical method have been described 1n this inventor’s
patents (refer to Ref. (5)). In addition, the mfluences of the
above-mentioned electromagnetic braking force by magnetic
field have been incorporated into the numerical method.
Thus, 1t has become possible to completely analyze the solidi-
fication phenomena with the effects of the electromagnetic
braking force taken into account. Here, 1t has been assumed
that the solid phase, 1.e., the dendrite network within the
mushy zone does not move.

DETAILED DESCRIPTION OF THE INVENTION

A. SPECIFIC EXAMPLE 1

Macrosegregation 1n Unidirectional Solidification of
Ni1-10 wt % Al Round Ingot

[0089] Schematic diagram of a conventional unidirectional
solidification apparatus 1s shown 1n FIG. 1(A). Susceptor 1s
heated by induction coil and the ceramic mold 1s then radia-
tion-heated by the susceptor. The bottom of the ceramic mold
1s cooled by water-cooled chill, and the mold 1s withdrawn
gradually downward to establish unidirectional solidification
(1nstead, 1t 1s also possible to rise the heating furnace while the
mold 1s fixed). Giame1 and Kear have shown that the channel
segregation generally termed ‘freckles’ appears at O.D. of
umdirectionally solidified Ni-base superalloy monocrystal
round 1ngots of the type upward buoyancy (refer to FIGS. 1 to
4 of Ref. (6)), and clarified the size effect that more freckles
form as the diameters of the ingots increase (refer to Table 11
of the same reference). They have also shown that the freckles
take place at O.D. of unidirectionally solidified N1-10 wt % Al
single crystal ingot of 1 inch (38.1 mm) diam with the same
upward type of buoyancy. In reference to these published
data, the 1ngot configurations and the casting conditions used
for the numerical simulations were set as shown 1n Table 2.
The chemical compositions and the physical properties used
in the calculations are shown in Table 3. Furthermore, the
correction factor a. of Sb (specific surface area of dendrite)

was adjusted to be 0.4 so that the freckles appear at the O.D.
of the ingot 1n the light of the same Ret (6).

TABLE 2

Casting parameters

Unidirectional solidification of round, square
and thin plate NiI—10Al ingots

Dimensions of mgots:

Round, 68 diam x 126 high (mm)

Square, 60 sq x 126 high (mm)

(Both ingots with equivalent section areas)
Thin plate, 6 thick x 60 wide x 126 high (mm)
Dimensions of mold:

Ceramic mold thickness 5 mm

Thickness of bottom plate 1.75 mm

(Thermal properties of the bottom plate are
same as those of mgot)

Round mgot solidification of IN718
alloy via remeltmg process

Dimensions of ingots:

Round, 600 diam x 1500 high (mm)
Dimensions of mold:

Fictitious mold thickness = 20 mm
Fictitious bottom plate thickness =
37 mm

(Thermal properties are all same as

those of ingot)

Initial temp. of the fictitious mold =
1242° C.
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D
TABLE 2-continued
Casting parameters
Unidirectional solidification of round, square Round mmgot solidification of IN718
and thin plate Ni-—10Al ingots alloy via remeltmg process
Casting temp: 1420° C. (super heat = 20° C.) Initial temp. of the fictitious bottom
Withdrawal rate: 5 mm/min plate = 1242° C.
Heat flux 1n radiation heating region: Casting temp: 1344° C.
q = eo(T* - Tm?) [cal/cm?2sec] (super heat = 100° C.)
€ (emissivity) = 0.05 Melting rate: 800 [Kg/hr]
€ (emissivity) for thin plate = 0.003 Heat flux from the mold OD:
O (Stefan-Boltzmann constant) q=h(T - TO) [cal/cm2sec]
T (temperature of susceptor) = 1693 K h (heat transfer coefficient) = 0.0.1
Tm (surface temperature of ceramic mold, K) [cal/cm?2sec ° C.]
Heat flux in radiation cooling region: T (outside temperature of mold)
q = eo(Tm* — TOY) [cal/cm2sec] TO (room temperature) = 293 K
€ (emissivity) = 0.10 Heat flux from the bottom plate of
€ (emuissivity) for thin plate = 0.01 ingot: g = h(T - TO) [cal/cm2sec]
Tm (surface temperature of ceramic mold, K) h (heat transfer coeflicient) = 0.035
TO (room temperature) = 293 K [cal/cm2sec ° C.]
Heat flux from the bottom plate: T (outside temperature of the bottom
q=h (T - TO) [cal/cm2sec] plate)
h (heat transfer coeflicient) = 0.002
[cal/cm2sec © C.]
Preheating temp. of the bottom plate =
1350° C.
Preheating temp. of the ceramic mold =
1420° C.
No heat flow from the melt surface No heat flow from the melt surface
TABLE 3
Chemaical compositions and physical properties of NiI—10Al and IN718 alloys

Cr Mo Al Ti Fe Nb
Ni—10Al (wt %) — — 10.0 — — —
IN718 (wt %) 19.0 3.05 0.55 0.90 19.40 4.85
Liquidus and solidus curves of N1—Al phase diagram are non-linear as below:
Temperature (° C.) 1453 1430 1420 1405 1385
Liquid composition (wt %o) 0 5.15 7.2 10.05 12.9
Solid composition (wt %) 0 4.17 5.85 8.2 10.9

Constants in liquid density equation p; = pg~ + 2, h C %+ h°T;: The values of these

FH MM

constants are determined from the densities for pure liquid metals of Ref. (7).

h, (g/cm® - wt %)

Alloy po- (g/em®) hO (g/em? © C.) Cr Mo Al Ti Fe Nb
Ni—10Al 9.380  -1.05x 1073 — — -0.0871 — — —
IN718 9453 -1.022x107°  -0.0145 0.0242 ~0.0953 ~0.0587 ~0.0089  0.0029

Physical properties of specific surface area of dendrite, Sb (refer to Eq.(28) of Ref. (5)):
Configuration factor of dendrite: ¢ = 0.67 for cylinder

Surface energy at solid-liquid interface, o LS(cal/cm?):

6 x 107° for Ni—10Al; 5 x 107> for IN718

Correction factor o of Sb: 0.6 for IN718; 0.4 for N1I—10Al

Ni—10Al IN718
Al Cr Mo Al Ti Fe Nb
Diffusion coeflicients 1n 1.0x 107 Assumed to be 2.3 x 107 for all elements in reference to the data given by Ref. (8)
liquid D (cm?/s)
N1—I10Al IN718
Specific heat of liquid (cal/g ° C.) 0.15 0.15(%) Bottom plate Shell mold:
Specific heat of solid (cal/g ° C.) 0.15 0.15(%) (dummy): Specific heat =
Thermal conductivity (cal/ecm s ° C.): Specific 0.20
Liqud 0.064 0.064(*) heat = 0.15 Thermal

Solid 0.064 0.064(*) Thermal conductivity =
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TABLE 3-continued

Chemical compositions and physical properties of NiI—10Al and IN718 alloys

Solid density in mushy zone (g/cm?) 7.4 7.94
Density of solid (g/cm?) 7.4 7.95
Latent heat of fusion (cal/g) 50.0 50.0
Viscosity of liquid (poise) 0.05 0.07(%)
Surface tension of liquid (dyn) 920.0 920.0(*)
Electric conductivity of liquid in 104 10%

mushy zone (1/£2 cm)

(*)These are assumed 1n reference to the data given by Ref. (9).

[0090] Assuming non-equilibrium solidification (1.e. no
solid diffusion, complete liquid diflusion), the relationship
between temperature and vol. fraction solid calculated for
Ni1-10 wt % Al alloy 1s shown in FIG. 2. This alloy exhibits
cutectic at 1385° C. Since Al solutes are rejected into liquud
phase from liquid solid 1nterface with the progress of solidi-
fication, the interdendritic Al composition 1n the liquid phase
increases as shown 1n FIG. 3.

[0091] In general, expressing interdendritic liquid density
as a function of alloy compositions in the liquid C,*, C.”, . .
. and temperature T (refer to p, equation of Table 3), p; 1s
given by

pr=p(C/5 G, 7) (8).

[0092] Theresultofp, by Eq. (8) calculated for N1-10 wt %
Al 1s shown 1n FIG. §, indicating that the alloy 1s of upward
type of buoyancy.

[0093] The partition number of elements for the ingot 1s
20359 (29 1n radial dir.x71 1n axial dir.). The computational
results are shown in FIGS. 6 to 8. FIGS. 6(A) to 6(C) show the
contours of macrosegregation distributions, and FIG. 6(D)
the distributions 1n the radial direction at the position RR'
(91.9 mm from the bottom). In the conventional 1ngot with no
magnetic field exerted, the freckles were formed at O.D. as
shown FIG. 6(A). Here, the degree of macrosegregation 1s
defined by C/Co (C 1s calculated solute concentration and Co
initial composition (wt %)): C/Co>1 denotes positive segre-
gation and C/Co<1 negative segregation (Co=10 wt %). The
maximum value of C/Co 1s 1.14 of positive segregation at the
freckled O.D. Also the lowering of Al concentration (depleted
zone) 1s seen at the adjacent of the freckle (FIG. 6(D)). From
these figures there 1s no suppressing eifect on the macroseg-
regation under Bz=3 Tesla. The macrosegregation was
reduced to about one haltf at Bz=5 Tesla with the maximum
value of C/Co=1.08 and practically eliminated at Bz=10 Tesla
with the maximum value of C/Co=1.015.

[0094] The freckles of the above-mentioned ingot with no
magnetic field exerted are caused by the fluid flow pattern
within the mushy zone. FIG. 8(A) shows the flow pattern in
the bulk liquid and the mushy zone after 18 minutes (solidi-
fication time 1s 29.2 minutes ), indicating that the profile of the
mushy zone 1s ifluenced by the heat extraction from the
outside. The fluid tlow pattern 1n the mushy zone 1s such that
as a whole the liquid flows from the center toward the O.D.
under the influence of ‘upward buoyancy’ due to lower liquid
density at higher vol. fraction solid region (the bottom side).
Thus, at the O.D., the tlow occurs from low temperature, high
solute concentration liquid of the bottom side to higher tem-
perature, lower solute concentration liquid of the upper side.
As a result, the solidification 1s delayed at the O.D. (if not
necessarily leading to remelting), and the liquid becomes

conductivity = 0.001
0.064 Density = 1.7
Density = 7.4

casier to flow through (i.e. the permeability K of Eq. (7)
becomes larger). Thus, the channel flow path of liquid 1s
developed resulting 1n the lower vol. fraction solid at the O.D.
than that at the I.D. as shown in FIG. 7, [The mechanism of
channel segregation has been written more 1n detail in the
alforementioned Ref. (3), p. 249.]In such a channel segre-
gates, unidirectional dendrite structure breaks down to form
equiaxed dendrites, which accompany porosities due to
solidification contraction because of delayed solidification
compared with the 1nside.

[0095] As the magnetic field intensity 1n the axial direction
1s increased, the flow 1n the radial direction 1s suppressed and
the channel flow at the O.D. 1s eliminated, resulting in no
macrosegregation. The flow pattern when Bz=10 Tesla 1s
shown 1n FIG. 8(B). Although the upward flow 1s slightly seen
at the O.D., 1t 1s very weak. And the radial tlow 1s nearly
completely suppressed with only the axial flow (flow due to
solidification contraction) left. It 1s interesting to note such
phenomena that while the flow to compensate for solidifica-
tion shrinkage 1s maintained, only such flows excepting the
gravitational direction (1.e. the convective tlow or locally
perturbed flow) which form channel segregation 1s sup-
pressed. Although not shown here for want of space, the
above phenomena were also observed in unidirectional
solidifications 1n horizontal direction or in the opposite to
gravitational direction (1.e. solidification from up to down).
Furthermore, since the vigorous convection observed 1n the
bulk liguid region was suppressed, the width of the mushy
zone was broadened. These features by the application of
static magnetic field work favorably for the productions of
D.S. materials and especially of SX materials. That 1s that the
occurrence of misoriented dendrite defects can be suppressed
by enhancing stable dendritic growth.

B. SPECIFIC EXAMPLE 2

Macrosegregation of Unidirectionally Solidified
Ni1-10 wt % Al Square Ingot

[0096] In order to investigate the influences of magnetic
field directions on the formation of freckles, calculations
were done for square ingots. The dimensions of cross section
were determined to have the equivalent cross-sectional area to
that of the Specific Example 1, 1.e., 60 mm square. All other
casting parameters are the same as those of round 1ngot (refer
to Table 2). Computations were performed for 4 cross-sec-

tions considering the symmetricity. The number of elements
for the 1ngot 1s 23004 (18 1n X dir.x18 mn Y dir.x71 1n Z dir.).

[0097] The macrosegregations of the conventional 1ngot

with no magnetic field are shown 1n FIGS. 9 to 11. As shown
in FIGS. 9(A) and 9(B), the freckles take place in vertical
sections at outsides with roughly equal intervals. The maxi-




US 2013/0276939 Al

mum value of C/Co 1s about 1.18. FIGS. 10(A) and 10(B)
show the states of macrosegregation being formed after 20
minutes during solidification (solidification time 1s 28.5 min-
utes). As 1n the case of the Specific Example 1, the liquid
adjacent to freckles flows into and ascends along the channels
as shown 1n FIG. 10(B), retarding solidification as shown by
vol. fraction solid contours 1n the same figure. The freckles
were formed by these ascending tlows (refer to FIG. 10(A)).
The suppressing effects on macrosegregation by the use of the

magnetic field i axial direction are shown 1n FIG. 11. FIGS.
11(A), 11(B) and 11(C) show the macrosegregations in the

vertical sections at the ends of Y dir., and FIG. 11(D) Al
concentration distributions along XX' of FIG. 11 (91.9 mm
from the bottom). From these diagrams, the suppressing
cifect 1s small with Bz=1 Tesla, but the segregation 1s practi-
cally eliminated above Bz=3 'Tesla. The flow patterns in the
mushy zones have become essentially the same as 1n the
Specific Example 1 so that the tlows 1n traverse directions
have been suppressed with only axial downward tlows left
(not shown for brevity).

[0098] Next, an example of the case that uniform static
magnetic field 1s exerted in horizontal direction (Y dir.) 1s
shown 1n FI1G. 12 (By=3 Tesla), indicating only slightly more
elfective compared to the case with Bz=3 Tesla. Thus, 1t was
found that regardless of the magnetic field direction, sup-
pressing effects on interdendritic fluid tlow 1s virtually the
same. In the above all computations, the electric boundary
conditions at mngot and mold boundaries were set all 1nsu-
lated.

C.

Macrosegregation ol Unidirectionally Solidified
Ni1-10 wt % Al Thin Plate Ingot

[0099] The configuration of the real turbine blades men-
tioned in the Background Art 1s fairly complicated partially
with thin-wall thickness (for example, refer to FIG. 1, p. 320
and FI1G. 3, p. 321 of Ret. (1)). Considering this, the effects of
magnetic field were studied with respect to the unidirectional
solidification of 6 mm thick, 60 mm wide and 126 mm long-
thin plate ingot. The casting conditions are given 1n Table 2.
The same casting conditions were employed as before except-
ing that the heat extraction rate from the side wall was reduced
to one tenth compared to the above-mentioned round and
square 1ngots 1n order to retard the solidification from the side
wall of mold. The computations were done for V4 cross-
section considering symmetricity. The number of elements
for mngot 1s 6390 (18 1n X dir.x5 Y dir.x71 in Z dir.). The
results are shown in FIG. 13. In the case of the conventional

ingot with no magnetic field, the freckles take place at the
corner of the ends of X andY directions (refer to FIG. 13(A)).

When exerting the magnetic fields of 1, 2 and 3 Tesla in the
axial direction, the segregation was practically vanished with
2 Tasla as shown in FIGS. 13(B) and 13(C). From these
figures, the maximum values of C/Co are 1.13 for Bz=0 and
1.022 for Bz=1 Tesla so that the application of 1 Tesla exhibaits
suificient effectiveness.

[0100] Furthermore, the application of umiform magnetic
field i width direction (X dir.) or 1n thickness direction (Y
dir.) vielded almost 1dentical results as in the case applied 1n
the axial direction (not shown for brevity).

[0101] Next the influences of casting conditions and the
shape of blade were 1investigated. With respect to the casting
conditions, the withdrawal rate of the mold was reduced down
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to 1.667 mm/min from 5 mm/min of Table 2; and the tem-
perature of the susceptor was held at 1773K, € (emissivity) in
the radiation heating region 0.05, € (emissivity) 1n the radia-
tion cooling region 0.02, h (heat transfer coellicient) at the
bottom 0.001 cal/cm 2 sec® C. so that the temperature gradi-
ent 1n solidification range became about 45° C./cm at the
middle of the blade length (these conditions match with prac-
tical operating range, and were set here for the convenience of
computations). When the mold was withdrawn at the above-
mentioned constant rate, the temperature gradient became
about 50° C./cm for the former half period and decreased to
about 25° C./cm for the latter half period. In addition, single
crystal selector, etc. necessary for the production of SX mate-
rial were omitted.

[0102] Moreover, considering that the cross-section of real
turbine blade has curvature, that inner core 1s buried within
blade wall thickness region, and thus that the wall thickness 1s
not uniform, a taper was padded for the cross section (here-
alter called tapered ingot. The ingot with no padding is called
straight ingot). And the influences of the change 1n the wall
thickness were investigated with the wall thickness at the
center of the cross-section set 6 mm and those at both ends 3
mm. The /4 symmetric cross section was taken for computa-
tion. The inner core was neglected. The computation was also
done for the case that the blade length was doubled (252 mm
long). The above casting parameters were applied as to the
straight blade with 126 mm long (number of elements 6390)
and tapered blade with 126 mm long (number of elements
5751). With respect to the straight blade with 252 mm long
(number of elements 12780), € 1n the radiation cooling region
was set 0.01 and the rest of all the other parameters were set
the same as above.

[0103] The computational results are shown in FIGS. 19 to
21. FIG. 19 shows the contours of Al concentration of the
above three unidirectionally solidified conventional ingots
with no magnetic fields exerted. The diagrams of the vertical
sections show the contours at the centers of wall thickness and
those of the cross-sections the contours at the positions XX'.
In either of the ingots, the freckles do not take place at the
peripheral surfaces formed 1n the Specific Example 1 (round
ingot of FIG. 6) or in the Specific Example 2 (square ingot of
FIG. 9), but rather take place inside the ingots This 1s consid-
ered attributed that the temperature difference between sur-
face and inside of the ingot was almost vanished by radiation
heating from the susceptor (the temperature at the outside 1s
only slightly higher). It was also found that the freckles were
considerably shortened as compared to those in the Specific
Examples 1 and 2 where the freckles were elongated 1n the
vertical direction reaching the top of the ingots.

[0104] In the tapered ingot of 126 mm long, the freckles
tend to take place more markedly 1n the 1side, particularly in
thick-walled region. The profile of the mushy zone and the
interdendritic liquid flow at the central vertical section, after
1003 sec from the start of withdrawal 1s shown 1n FI1G. 20 (the
flow pattern only in the mushy zone shown). The lines 1n the
figure denote the contours of vol. fractions solid with the
interval 01 0.2 from 0.2 to 1.0. The flow velocity at the origin
or the starting point of freckle. (45 mm from the bottom) 1s the
order of 3x107° cm/s, and the velocity in traverse direction the
order of 107 cm/s. The mushy zone profile is slightly inclined
from the central thicker walled portion toward the end, and
the mterdendritic liquid flows from the end toward the center
and a strong upward tlow 1s seen at the origin of freckle. Also,
it can be seen from the contours that the solidifications are
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delayed in the freckling sites compared to the surroundings.
In the 252 mm long straight ingot (blade length doubled), the
freckles formed more prominently and their lengths became
longer (refer to FI1G. 19(C)).

[0105] Themagneticfields ot Bz=0.5,1.0,3.0and 5.0Tesla
were exerted in the axial directions for the above-mentioned
three ingots (the results not shown for want of space). In either
of them, the freckles disappeared at Bz=0.5 Tesla, and at
Bz=3 Tesla the macrosegregations of Al in the product region
were improved to the level 01 9.95 to 10.04 (wt %) except for
the top of the ingot where shrinkage takes place and for the
bottom connecting to seed crystal or single crystal selector.
FIG. 21 shows the effects of magnetic fields (Bz=0.5, 3 and 5
(Tesla)) for the tapered 126 mm long ingot. In either of the
ingots, there was no freckle formation and the negative seg-
regation at thinner walled side (right end) was decreased with
increasing magnetic field. This 1s because the very slow flow
in the traverse direction as shown 1n FIG. 20 was effectively
suppressed.

[0106] As above stated, the site of the formation and the
morphology of freckles vary depending on casting param-
eters such as heating/cooling conditions, withdrawal rate, and
the shape of blade. However, in any of these cases, 1t was
clarified that the macrosegregations can be suppressed by
exerting strong magnetic field.

D. SPECIFIC EXAMPLE 4

Macrosegregation of Remelting-Processed IN718
Ni-Base

[0107] Superalloy Ingot

[0108] The chemical compositions and physical properties
used for computations are given in Table 3. The chemical
compositions and the relationships between temperature vs.
liquidus compositions and temperature vs. solidus composi-
tions respectively i the multi-component system of IN718
were reproduced from FIGS. 1 to 3 of Ref. (10). Hence, the
computational results of the relationship between tempera-
ture and vol. fraction solid (refer to FI1G. 2), and the variations
ol solute concentrations 1n liquid phase during solidification
(refer to FIG. 4) are the same as those of Retf. (10) Also, the
variation of the liquid density by Eq. (8) 1s shown 1n FIG. §,
indicating that the alloy 1s of downward type of buoyancy.
[0109] VanDenAvyle, etal. reported in the aforementioned
Ref. (2) that freckles formed 1n the middle of radial direction
and ‘central’ freckles formed at the center 1n remelting-pro-
cessed IN718 and Alloy 625 Ni-base superalloys ingots
respectively. In these remelting processes, the depths of the
mushy zone tend to deepen toward the center because of heat
extraction from the side, leading to channel segregation even
in the case of downward type alloy of buoyancy like IN718.
The chemical compositions of IN718 studied 1n this descrip-
tion are regarded approximately equal to those of the Alloy
625 rather than those of the IN718 of Ref, (2). In the light of
Ref. (2), the dimensions of ingots and the casting parameters
were set as shown 1n Table 2. The re-melted molten droplets
were cast into static mold at constant melting rate. In real
operations, the heat transfer at ingot-water cooled copper
mold boundary 1s greatly influenced by air gap formation,
etc., and so 1t 1s very difficult to establish accurate thermal
boundary conditions. Therefore, for the convenience of com-
putation, instead of the water-cooled mold, fictitious hot plate
and cylinder were placed at the bottom and at the O.D. of the
ingot respectively. These plate and cylinder were assumed
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made of the same material as ingot. And the heat transier
coellicients at the bottom and at the O.D. of this fictitious
mold were adjusted so that the solidification mode such as
mushy zone profile become realistic 1n reference to the above
Ref. (2). Furthermore, the correction factor a of the specific
surface area of dendrite Sb was set 0.6 1n accordance with the

freckle formation 1 Ref. (2). The number of elements for
ingot 1s 4800 (40 1n radial dir.x120 1n axial dir.).

[0110] The computational results are shown 1n FIGS. 14 to
16. FIGS. 14 and 16 show the contours of Nb concentrations
and distributions respectively. FIG. 15 shows the distributions
of alloy compositions in radial direction (1068.8 mm from the
bottom) with no magnetic field. The central freckles reported
in the Alloy 620 of the above Ref. (2) have formed as shown
in FIG. 14(A). Yet, 1n the IN718 of this specific example,
conventional type of freckles did not take place 1n the middle
of the radial direction. These results coincide well with the
observations given by Ref. (2), showing the validity of the
numerical method described 1n this description. It 1s seen
from FIG. 135 that positive segregations take place for Al, Ti
and Nb with the equilibrium partition ratios less than 1 and
negative segregations for Cr and. Fe with the partition ratios
greater than 1. To 1nvestigate the etfects of magnetic field,
computations were done changing the magnetic field inten-
sities 1n the axial direction from Bz=3 to 10 Tesla, and 1t was

found that at Bz=10 Tesla the macrosegregation was reduced
to practically acceptable level (refer to FIGS. 14 and 16).

[0111] Thus, in the above Specific Examples 1 to 4, it was
concretely shown that the macrosegregations were caused by
the interdendritic: liquid flow within the mushy zone and that
their flow patterns were the most critical factors.

[0112] More importantly, this inventor has shown for the
first time that the extremely slow interdendritic fluid flow
responsible for the formation of macrosegregation can be
suppressed by exerting high magnetic field onto the whole
mushy zone, and thereby made 1t clear that the macrosegre-
gations such as freckles can essentially be eliminated. Despite
that the electromagnetic: braking effect on molten metals has
long been recognized, there has been no literature, to the best
of this mventor’s knowledge, showing that the macrosegre-
gation can be eliminated by the application of magnetic field.

[0113] Bellow, the electromagnetic braking effects by this
invention will be discussed along with the key points of this
ivention.

[0114] (1) Now, take an electromagnetic fluid that flows at
a constant velocity V in traverse direction (suppose X dir.)
perpendicular to the direction of the gravity. When exerting a
magnetic field B 1n the direction perpendicular both to V and
gravity, the electromagnetic braking force 1s given by f =—
oB®v, provided that E of the aforementioned Eq. (1) is
regarded as 0 because the electric conductivity o of metals are
generally high. In such a case, the momentum equation 1s
expressed as

d 9
pdT: = —oB*v. )
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[0115] Integrating the above equation with the initial con-
dition of V=Vo at time t=0,

9.8p

— =exp
Vo

Y [ oB* ] (10)

[0116] where, the units are V (m/s), o (1/2m), B (Tesla), p
(Kg/m3) and t (sec.) respectively. From Eq. (10), 1t 1s under-
stood that V decays exponentially with time, and that the
higher the o and the lower the p, the lower the V. For example,
taking 0=10°, p=7300 and B=0.1 becomes V/Vo=exp (-0.14
t). From this, V/Vo=0.5 after t=2.15 sec, and further V/Vo=0.
25 after t=4.3 sec. Also, taking 0=5x10°, p=2700 and B=0.1
tor Al alloy, V/Vo=exp (-1.9 t); again V/Vo=0.5 after t=0.15
sec, and further V/Vo=0.25 after 0.3 sec. From these rough
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-3P/ax(>0)). Thus, 1t acts as a braking force (for a flow of
V<0, 1t stmilarly acts as brake). Solving Eq. (12) with respect
to V yields the following equation.

—K/ug, dpP (13)
1 +oB2K/ug; 90x

V=

[0120] Regarding v, as the velocity with no magnetic field
in the above equation and using t defined 1n Eq. (11), the ratio
V/Vo 1s given as follows.

FB* K (14a, 14b)
MHEL

Vo | o
V{]_l =

[0121] Thus, V decays hyperbolically with increasing 7. In
real casting processes, K and gl. change depending on the
location and the time. Here, using typical values of these
parameters 1 the above Specific Examples 1 to 4, @ were
calculated for the values of B when the segregations such as
freckles were suppressed. The results are shown inTable 4 (as
to the unit conversion of oB”, note 1T%/Qm=10""dyn-sec/
cm™).

TABL.

L1l

4

Approximate values of dimensionless numbers ;t and ¢

Best mode of invention

Magnetic field density to

suppress macrosegregation, B(T)

K(cm?) and representative
value of g;
T

Apz/pz
v(m/s)
&pLgr(N/mS)

¢

estimates, 1t can be understood that low magnetic field as low
as B=0.1 Tesla can effectively suppress molten metal flow
within bulk liqud pool.

[0117] Next, taking clectromagnetic braking force 1 (EMB
force) as X 1n Eq. (6) and defining i as the ratio of 1 to the
Darcy s flow resistant force vug /K (refer to Eq. (6)), m 1s
given by

EMB force f (11)
"= Darcy's flow resistant force

vug /K

[0118] m1s a dimensionless number representing EM brak-
ing effect on the mnterdendritic flmd tlow within the mushy
zone, 1 1s given by I=o0(-V¢+vxB)xB from Eqgs. (1) and (4).
For the convenience of discussion, consider the same situa-
tion as above described, 1.e., the EMB force 1s exerted against
an uniform flow 1n traverse direction within the mushy zone.
Then Eq. (6) becomes

kK ap , (12)
V= E(— ﬁ — G'B ]
[0119] It 1s seen from the above equation that for a flow of

V>0, EMB force (-oB*v) acts in the opposite direction to the
flow (1n the opposite direction to pressure gradient force

A B C D

10 3 2 10

K=1467x10° K=1311x10"° K=2257x10"° K=1.096x107°

g, =0.584 g, =0.603 g, =0.479 g, =0.574
5 (0.05 B9 0.39 (0.043 B®)  0.38(0.094B%)  2.73 (0.027 B
0.033 0.033 0.033 0.034
5x 107 5% 107 5x 107 25%x 107
2254 2254 2254 2548
2.2 0.2 0.09 0.98
[0122] In the case of the Specific Example 1, 1=0.05 B*:

From this, taking Bz=>5 Tesla, m=1.25 so that V 1s reduced to
V/V0=0.44; and taking Bz=10Tesla, 3.0 so that V 1s reduced
to V/Vo=0.1"7. From Table 4, however, there are large discrep-
ancies 1n the values of a to suppress segregation. As will be
discussed in the next paragraph (2), since the configurations
and the degrees of segregation differ in individual cases, 1t 1s
difficult to determine the values of w necessary to suppress the
segregation. Despite that, 1t would be a useful parameter. For
example, below B=1 Tesla, m<<1 meaning there 1s almost, no
suppressing effect on segregation.

[0123] (2) The main factors for determining the interden-
dritic liquid flow pattern within the mushy zone 1n real casting
processes are as follows.

[0124] 1. Buoyancy force due to liquid density difference
Ap, within the mushy zone (1.e. Ap,g,where g 1s the accel-
eration of gravity)

[0125] II. Mushy zone profile

[0126] III. Permeability K determined by dendrite mor-
phology (refer to Eq. (7)

[0127] Ap,g,.1s a dniving force to cause convective flow 1n
the mushy one and 1s determined by the chemical composi-
tions of the alloy. There are upward type and downward type
of buoyancies along with the mixture type of these two. The
tactors II and III are determined by the cooling condition 1n
cach casting process. Thus, there exist a variety of cases. To
take a couple of examples, the most important factor for the
formation of freckles in unmidirectionally solidified turbine
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blade of upward type alloy of buoyancy 1s Ap, g, (factor I).
And thus the freckles take place above a certain value of Ap,
or Ap;g . On the contrary, the contribution from the factors 11
or 1II 1s relatively small. In the case of ingot making via
remelting process for downward type alloy of buoyancy, if the
mushy zone profile 1s flat or considerably shallow, macroseg-
regation does not occur regardless of the factor I or I11. How-
ever, 1n the Specific Example 4, the profile of the mushy zone
was inclined to the direction of gravity and therefore the
downward flow was induced due to the factor I (downward
buoyancy), resulting 1n the central, segregation. Even in this
case, as the diam of 1ngot 1s reduced with reduced K, segre-
gation 1s unlikely to take place. [ The smaller the dendrite arm
spacing (DAS), the smaller the K. In general, as DS becomes
smaller, with increased cooling rate, the convective tlow due
to the factor vanishes and channel segregation or freckles
does not occur. |

[0128] Therefore, as another dimensionless number to
evaluate the effect of EMB force, it 1s useful to define the ratio
of EMB force to buoyancy. That 1s

5= o B*y (15)
- AﬁLgr |
[0129] The value of the dimensionless number ¢ calculated

for average rough values of V and the required values of B are
shown in Table 4 (note the unit conversion of oB?).

[0130] From the above discussions (1) and (2), 1t 1s under-
stood that while low magnetic field less than 1 Tesla (say 0.1
Tesla) 1s sullicient to suppress high speed flow 1n bulk melt
region (generally, the order of 10 cm/s 1n remelting pro-
cesses), high magnetic field 1s required to suppress extremely
slow mterdendritic flow within the mushy zone (typically, the

order of 107 to 10™* cm/s).

[0131] As a rough guideline to evaluate the magnitude of
the high magnetic field, the dimensionless numbers m or ¢
defined respectively by Eq. (14) or Eq. (15) are meamngtul:
In practice, by knowing the limiting empirical values w-or ¢ -
necessary to suppress segregation for individual alloy sys-
tems and casting processes, B can be determined so as to
satisly m=m - or ¢=¢ . It 1s economical to evaluate - or 7~ 1n
scaled down experiments, where the numerical analysis
described 1n this description can be very useful.

[0132] From the above Specific Examples, 1t has been
shown that regarding relatively small sized turbine blades
having thin wall thickness, the magnetic fields above approxi-
mately 0.5 Tesla can effectively improve the defects such as
freckles and misoriented grains. [It 1s well known that solidi-
fication interface morphology changes from flat to cell and
turther to dendrite as the value of G/R 1s decreased (G 1s the
temperature gradient 1n liquid phase at the mterface, R 1s the
moving rate of the interface), and 1t has been considered that
in the case of SX 1ngot, single crystal growth breaks down
below a certain value of G/R to form foreign crystal, 1.e.,
misoriented grain structures (For example, see Ref. (15)). It1s
also known that grain structure coarsens with the application
of magnetic field during solidification, which means that the
misoriented grains are not likely to take place. This 1s con-
sidered attributed that the stable single crystal growth 1s pro-
moted by the application of magnetic field and thereby sup-
pressing the liqud flow.]
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[0133] Ontheotherhand, in the case of large sized remelted
ingot, the magnetic field of at least 1 Tesla would be neces-
sary. However, as already stated, these lower limit values of
the magnetic field are just rough guidelines on the condition
of optimized casting parameters, and change depending on
individual cases. They are also subject to quality requirement.

[0134] (3) The suppressing effect on the liquid flow within
the mushy zone does not depend on the directions of the
magnetic field. Hence, the most suitable configuration may be
employed for individual processes. Yet, note that in the above
all examples, the ingot-mold boundaries were all electrically
insulated. Although umiform static magnetic fields were
applied 1n the above computations, they do not need to be
rigidly uniform.

[0135] (4) The schematic diagram when exerting static
magnetic field for unidirectional solidification 1s shown in
FIG. 1(B). As mentioned 1n the Background Art, typical
directional solidification, apparatus comprises various com-
ponents such as chill, mold heating furnace, withdrawal unat,
vacuum chamber, etc. Beside, there are various configura-
tions. For example, 1t 1s possible to make use of zone melting
where at first a small amount of metal 1s remelted from once
solidified ingot and then slowly move this molten band from
one end to the other (For example, refer to p. 2 of Retf. (3)).

[0136] In short, this mnvention 1s aimed at the method and
apparatus for umdirectional solidification of castings and
ingots, where solid, mushy and bulk liquid zones are made to
form and then solidification 1s done by moving these zones
from one end to the other. Thus, it 1s obvious 1n principle that
this invention can be applied to all directional solidification
processes. Real unidirectionally solidified turbine blades pos-
ses complicated shapes. Ref. (11) describes a technology to
make single crystal structure (SX) in thin blade region and
polycrystalline columnar dendrite structure (DS) 1n platform
region. This mvention can be applied to such a mixed grain
structure as well. It 1s also possible, as already mentioned, to
apply to the cases where solidification 1s done 1n horizontal
direction perpendicular to gravity or in the opposite to gravity
(1.e. from up to down.). Some of the DC coils 5 used 1n this
invention are shown 1n FIG. 18. Solenoid type (A), 1-unit coil
(B), 2-units coils (C), etc. are available for the case to exert the
magnetic field 1n vertical direction. Race track typed 1-umit
coil (D), race track typed 2-unit coils, etc. can be used for the
case to exert in horizontal direction. Superconductive coils
are highly recommended for these coils. In practice, various
designs for coils are possible and the most suitable design
may be employed depending on the shape of casting, the
direction of solidification, the required magnitude of mag-
netic field and so on.

[0137] (5) Generally 1n remelting processes such as VAR
and ESR, strong electric current tlows through the mushy
zone and interacts with externally applied magnetic field to
generate electromagnetic force (Lorentz force). This 1s not
desirable. Therefore, it 1s necessary to employ an alternative
method that does not tlow electric current in the ingot. One of
such examples 1s shown 1n FIG. 17 where (A) 1s the case
applied to ESR. Reference symbol 5 denotes DC coils for
generating the magnetic field either in vertical or in horizontal
direction. As mentioned 1n the above item. (4) regarding the
coil, superconductive coils are highly recommended. The
clectrodes 1 are placed remote from the DC coils to prevent
the influence of the magnetic field. The molten slag pool 2 1s
heated by the heat of Joule generated by the electric current
between the electrodes, and thereby the electrodes are melted.
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Further, the slag pool 1s heated and maintained at a prescribed
temperature by the heater 4 placed at the O.D. of insulating,
refractory sleeve 3. The molten droplets melted from the
clectrodes tlow down through the slag pool, are refined and
are solidified. The ingot 7 1s withdrawn downward by tlexible
plattorm 9 while being cooled from the bottom by water-
cooled chill 8. Because the molten slag gets into the opening
between the mgot and the water-cooled mold 6 and also air
gap forms there (not shown), the cooling rate from the O.D. 1s
relatively low.

[0138] Another desirable example 1s shown 1n FIG. 17(B)
which combines VAR and slag refining and the high magnetic
field by this mvention. Space 10 1s of vacuum or 1nert gas
atmosphere. The electrodes are remelted by high electric
current arc (usually DC). High quality ingots with high purity
and no segregation can be produced by the application of high
magnetic field 1n addition to the beneficial effects of VAR and
slag refining. In these processes, the magnetic: shield 11 1s
installed i order to insulate the high electric current field
around the electrodes from the magnetic field. Various
designs are possible as 1llustrated 1n FIG. 17.

[0139] In summary, the following configurations are pos-
sible:

[0140] ESR+High Magnetic Field

[0141] VAR+High Magnetic Field

[0142] VAR+Slag Refining+High Magnetic Field, etc.
[0143] (6) It 15 well known that the solid-liquid interface

morphologies during solidification of alloy can be deter-
mined by the aforementioned parameter G/R based on the
theory of constitutional undercooling. In the production of
true single crystal such as semiconductor Si1, G and R are
respectively independently controlled (be 1t Bridgeman’s
method or Czochroiski’s method); and by increasing G with
decreasing R (thus increasing G/R), the flat interface (or
stable interface) can be obtained. [in general the amounts of
the alloving elements contained 1n these true single crystals
are extremely small, and no mushy zone exists (or not
allowed). Hence, they are totally different from the dendrite
structures having mushy zone (be it DS or SX matenal)
defined in this description. ]

[0144] It 1s known that the redistribution of alloy composi-
tions 1n growth direction of single crystal is greatly changed
by the convection of liquid 1n front of the flat interface (For

example, refer to p. 42, FIG. 2-9 of Ret. (3)).

[0145] Retf. (12) discloses a technique to reduce a large
change 1n solute composition s) distribution 1n growth direc-
tion of single crystal semiconductor, which 1s caused by con-
vection of liquid in front of the flat interface. In this technique,
the crystal 1s grown from a starting material with non-uniform
solute distribution to obtain more uniform single crystal. Fur-
thermore, 1t aims to produce the single crystal with more
uniform composition(s) by growing in the opposite direction
to once grown direction or by exerting magnetic field (about
0.2 Tesla) to suppress the convection. Thus, this technique of
Ref. (12) mntends to suppress the convection in front of the
growing flat interface 1n true single crystal growth with no
mushy zone. Hence, 1t 1s different from this invention.

[0146] Ref. (13) discloses a single crystal growth technique
by Bridgeman’s method to obtain better crystal(s) with as less
a number of crystals as possible. In this technique, a material
having the positive change of magnetic susceptibility at the
melting point of liquid-solid transition (i.e. the magnetic sus-
ceptibility of solid 1s higher than that of liquid) 1s used. And by
applying the magnetic field during growth, thereby enhancing
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the energy barrier for the formation of nuclei, the number of
crystals can be reduced. Thus, the technique by Ref. (13) 1s
different from this invention.

[0147] As G/R 1s decreased, the stable flat interface growth

breaks down with solid mtruding into liquid phase, thus
resulting 1n cellular structure. As G/R 1s further decreased, the
dendrite structure results. In the case of cellular growth, the
mushy zone consists of cells and liquid phase, and so this
invention can be applied. Thus, by applying high magnetic
field and thereby suppressing the intercellular liquid flow, 1t 1s
possible to obtain cellular structure without segregation.

[0148] (7)Ret. (14)discloses atechnique for reducing mac-
rosegregation of Al-alloy continuous castings by exerting the
magnetic: field of maximum 0.15 Tesla onto the molten metal
pool. [In continuous casting, the liquid flow rate within the
melt pool 1s the order of 10 to 100 cm/s. As abovementioned
in the items (1) and (2), the magnetic field as low as 0.1 Tesla
can effectively suppress such high speed flow, but 1t can not
induce the braking force against the extremely slow liquid
flow within mushy zone.] There 1s no word 1n this reference
concerning the mechanism for reducing the macrosegrega-
tion. Furthermore, grain refiners have been added 1n all the
experiments done 1n this reference. This point deserves atten-
tion. With respect to the suppressing efiect on the macroseg-
regation 1n the case of Ref. (14), this mventor considers as
follows: As a result of reduced convection within the bulk
liquid pool by the applied magnetic field, the grain refining
eifect was enhanced compared with the case of no magnetic
field. And thus, grain structure became that of finer equiaxed
grains leading to less macrosegregation 1n the central region
of the ingot.

[0149] [In general, one of the objectives to add grain refin-
ers 1s to obtain finer equiaxed grain structure and thereby to
reduce segregation. However, the vigorous convection 1n the
liquid pool increases the chances of the cohesion/coales-
cence/coarsening of grain refiners and therefore decreases the
refining effect. Then, 1t 1s thought that exerting magnetic field
reduces such chances caused by the vigorous convection and
retains the refining effects.] Thus, 1t 1s an indispensable con-
dition to use the grain refiners together with the magnetic
field. And as a result of enhancing grain-refining effect, the
macrosegregation was indirectly reduced. If an mnappropnate
magnitude of magnetic field 1s applied for the case with no
grain refiners, the reduced convection within the liquid pool 1s
likely to develop coarsened columnar grain structure and the
central macrosegregation may contrarily worsen.

[0150] On the other hand, the essence of this invention 1s
that the macrosegregation such as freckles can completely be
climinated in umidirectional solidification (where in principle
grain refiners must not be used) or remelting processes by
exerting the magnetic field onto the whole mushy none with
the magnitude necessary to suppress the extremely slow inter-
dendritic liquid flow. The viewpoint of this invention 1s thus
totally different from that of Ref. (14), and hence different in
terms of casting process, exerting region and the magnitude of
the magnetic field.

[0151] It has been clarified from the above Specific
Examples 1 to 3 that by exerting high magnetic field, 1t 1s
possible to completely eliminate the macrosegregation such
as freckles observed i DS or SX Ni-base superalloy castings
practically in use at present. Many of these alloys are of
upward type of buoyancy. This mvention can effectively be
applied to even stronger buoyant alloys (with large Ap.g,
within mushy zone) which are not unidirectionally castable
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because of severe segregation. This means that this invention
enhances the freedom of alloy selection, or opens the possi-
bility to develop stronger alloys at elevated temperatures (for
example, the vol. fraction of ¥' can be increased to an upper
limat).

[0152] Ithas been shown in the Specific Example 4 that this
invention 1s effectively applied to the remelting-processed
ingot of downward type IN718 alley of buoyancy, butitis also
apparent from the Specific Examples 1 to 3 to be applicable to
usual alloys of upward type of buoyancy. Thus, this invention
enables 1t possible to make large diam remelted 1ingots of
upward buoyancy type.

[0153] Finally, the benefits of this invention can be summa-
rized as follows

[0154] 1. The macrosegregation such as freckles can com-
pletely be eliminated.

[0155] 2. The melting off of dendrites due to convective
liquid flow can be prevented, which makes 1t possible to grow

perfect mono-crystals (SX) without misoriented grain
defects.

[0156] 3. As a result of these benefits, 1t will become pos-
sible to develop new types of alloys where the volume frac-
tion of ¥' can he increased to a maximum limut.

[0157] Also, on the production of the ingots by remelting
processes, 1t will become possible to cast conventionally
uncastable upward type alloys of buoyancy (generally the
liquid density 1s lower than that of downward type) as well as
the downward type alloys of buoyancy.

[0158] Thus, this mvention makes it possible to produce
unidirectionally solidified castings such as high quality tur-
bine blades or remelting-processed ingots, which greatly con-
tributes to the safety of important mechanical components
and to the energy conservation by enhancing the efficiency of
as turbine engines. Considering the present situation that high
magnetic field can be obtained at relatively low cast owing to
the recent progress in superconductive technology, there
seems no barrier to realize this invention. Therefore, the
industrial merits are very high. In this description, two types
of Ni-base alloys were examined as shown in the Specific
Examples. However, it 1s apparent in principle that the similar
benefits can be obtaimned for all alloy productions: For
example, directionally solidified AlT1 base alloy turbine
blades, low alloy steels, etc. as well as all Ni-base alloys.
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1. A unmidirectional solidification method for nickel-con-
taining superalloys for producing a grain structure selected
from the group consisting of a single crystal dendrite struc-
ture (SX material), a polycrystalline columnar dendrite struc-
ture (DS material) and a mixed structure of said SX and said
DS materials, said method comprising:

Step (1) forming a solid phase, solid-liquid coexisting
phase (mushy phase) and liquid phase, and moving said
mushy phase from one end toward the other to establish
unidirectional solidification to obtain said grain struc-
ture; and

Step (2) during said step (1), exerting onto at least the
whole region of said mushy phase and 1ts vicinity of said
liquid phase a static magnetic field 1n a direction sub-
stantially parallel to a withdrawal direction of a grain
structure with a magnitude of at least 0.5 Tesla so as to
reduce interdendritic liquid flow 1n transverse directions
except for said withdrawal direction and thereby to sup-
press [formation of macrosegregation.

2. A unmidirectional solidification method for nickel-con-
taining superalloys for producing a grain structure selected
from the group consisting of a single crystal dendrite struc-
ture (SX material), a polycrystalline columnar dendrite struc-
ture (DS matenal), and a mixed structure of said SX and said
DS matenals, said method comprising;:

Step (1) forming a solid phase, solid-liquid coexisting
phase (mushy phase) and liquid phase, and moving said
mushy phase from one end toward the other to establish
unidirectional solidification to obtain said grain struc-
ture; and

Step (2) during said step (1), exerting onto at least the
whole region of said mushy phase and 1ts vicinity of said
liquid phase a static magnetic field 1n a direction sub-
stantially parallel to a withdrawal direction of a grain
structure with a magnitude of at least_ 0.5 Tesla so as to
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reduce liquid flow in transverse directions, and thereby
to suppress formation of misoriented grain defects in
said grain structure.

3. The unidirectional solidification method as described in
claim 1, wherein said structure 1s of an upward type alloy of
buovyancy, and the static magnetic field 1s exerted onto said at
least the whole region of said mushy phase and its vicinity of
said liquid phase the static magnetic field in a direction sub-
stantially parallel to the withdrawal direction the grain struc-
ture with a magnitude necessary to suppress at least one of
upward channel tlow causing freckles and interdendritic 11g-
uid flow causing said macrosegregation within said mushy
phase.

4. The unidirectional solidification method as described in
claim 1, wherein said grain structure 1s characterized by hav-
ing a cellular structure.

5. The unidirectional solidification method as described in
claim 1, wherein said structure 1s of an alloy selected from the
group consisting ol a Ni-base alloy, Co-base alloy, Fe-base
alloy and TiAl-base allay.

Oct. 24, 2013

6. The umidirectional solidification method as described in
claim 1, wherein said macrosegregation comprises freckle
defects.

7. The umidirectional solidification method as described 1n
claim 2, wherein said structure 1s of an upward type alloy of
buovyancy, and the static magnetic field 1s exerted onto said at
least the whole region of said mushy phase and its vicinity of
said liquid phase the static magnetic field 1n a direction sub-
stantially parallel along the crystal grain growth direction of
a magnitude necessary to suppress at least one of upward
channel flow causing freckles and interdendritic liquid flow
causing said macrosegregation within said mushy phase.

8. The unmidirectional solidification method as described 1n
claim 2, wherein said grain structure 1s characterized by hav-
ing a cellular structure.

9. The umidirectional solidification method as described 1n
claim 2, wherein said structure 1s of an alloy selected from the
group consisting ol a Ni-base alloy, Co-base alloy, Fe-base
alloy and Ti1Al-base alloy.

10. The unidirectional solidification method as described
in claim 2, wheremn said formation of misoriented grain
defects 1n said grain structure comprises freckle defects.

¥ ¥ * o o



	Front Page
	Drawings
	Specification
	Claims

